The axial-vector form factor of the nucleons is considered in the framework of hard-wall model of holographic QCD. A new interaction term between the bulk gauge and matter fields was included into the interaction Lagrangian. We obtain the axial-vector form factor of nucleons in the boundary QCD from the bulk action using AdS/CFT correspondence. The momentum square dependence of the axial-vector form factor is analysed numerically.
proved to be useful for the strong interaction studies in dense nuclear medium [22] [23] [24] [25] [26] and at finite temperatures as well [27] [28] [29] [30] [31] [32] [33] . Different form factors of mesons and baryons were studied within the AdS/QCD models in [12] [13] [14] [15] [16] [17] [18] 34] . The axial vector form factor of nucleons was considered in the framework of the soft-wall model of AdS/QCD in [16] . Here we aim to consider this form factor in the hard-wall model framework. In the second section we briefly present the QCD definition of the axial-vector form factor, which describes the nucleon-axial-vector field interaction vertex.
In the third section we present basic features of the holographic hard-wall model: we introduce the scalar, axial-vector and fermion fields in the bulk of AdS space and write down their profile functions. In the fourth section we establish the interaction Lagrangian between the bulk fields, which contributes to the axial-vector form factor and using the AdS/CFT correspondence we obtain an integral expression for this form factor. In the fifth section we fix parameters and perform a numerical analysis for this form factor. In the last section we summarise our result.
II. AXIAL-VECTOR CURRENT IN QCD
Isovector axial-vector current of nucleons in QCD is given by following definition [35] :
Here ψ denotes the doublet of u and d quarks ψ = isospin. This current is a partially conserved one, i.e.:
where µ denotes the mass matrix of the up and down quarks: µ = diag (m u , m d ). In the exact isospin symmetry case (m u = m d = m) the µ matrix is proportional to the identity matrix. A matrix element of the isovector axial-vector current between one-nucleon states is expressed in terms of form factors as follows [35] :
Here q µ = p µ − p µ is the total momentum in the interaction vertex and m N is the nucleon mass, G A q 2 and G P q 2 are called the axial-vector and induced pseudoscalar form factors respectively.
Due to Hermiticity of the j µ,a current the form factors G A q 2 and G P q 2 are real functions of q 2 in the q 2 ≤ 0 domain. In present work we study the G A q 2 form factor in the hard-wall model of AdS/QCD.
Let us briefly describe the hard-wall model of the AdS/QCD introduced in [5] [6] [7] [8] [9] [10] and developed in [12] [13] [14] [15] 18] . Background geometry for the dual gravity theory in this model is given by the 5-dimensional (5D) anti de-Sitter space (AdS 5 ) with the metric chosen in Poincare coordinates:
The fifth coordinate z extends from 0 to ∞, which are called the ultraviolet (UV) and infrared (IR) boundaries of the AdS space, respectively. η µν is the metric of the 4D flat Minkovski space
The hard-wall model of AdS/QCD is based on the two cut-offs of the z coordinate, first one of which is the cut-off at the bottom of the AdS space by small ε (ε → 0) in order to avoid singularity of the metric (4) at the z → 0 limit and another one is the cut-off at the top of this space, i.e. at some z m value of this coordinate, which is considered as the free parameter of the model. The latter cut-off breaks conformal symmetry in the ε ≤ z ≤ z m slice of the AdS 5 space and guarantees the confinement property of the strongly interacted particles in the boundary QCD. The z m parameter is usually taken as z m = 1/Λ QCD (Λ QCD corresponds to the confinement scale of QCD) or it is fixed in such a way as to get exact mass spectra or other quantities (couplings, decay constants, form factors, etc) of the particles included into the problem. Thus, in the hard-wall model presented here the z coordinate varies in the limited interval ε ≤ z ≤ z m .
In order to obtain the axial vector form factor of nucleons in the boundary QCD we need to introduce fields in the bulk, whose boundary values correspond to the corresponding particles in the boundary QCD. In the AdS/QCD models as a flavor symmetry group in the bulk of AdS space (4) SU (2) L × SU (2) R group is chosen and the left and right chiral gauge fields A L and A R are introduced, which transform under the fundamental representations of this group (1/2, 0) and (0, 1/2) respectively. The bulk axial-vector field
R is composed from these fields. Another field introduced in the bulk theory is the scalar X field, which is transforming under the bifundamental (1/2, 1/2) representation of symmetry group and performs spontaneous symmetry breaking SU (2) L × SU (2) R → SU (2) V . According to the AdS/CFT correspondence SU (2) V symmetry group of the bulk theory corresponds to the isospin symmetry of the boundary theory. In addition we introduce the spinor fields Ψ 1 and Ψ 2 , both having left Ψ L and right Ψ R components in the bulk. Nucleons in the boundary QCD are described by means of boundary values of the bulk Ψ fields. From the fields A M , X and Ψ one can construct different kind interactions in the bulk and we shall choose among them only terms that will contribute to the axial-vector form factor of the nucleon. The axial-vector gauge field A a µ (x, z) in the bulk theory and the axial-vector current of spin-1/2 field J a µ (x) = ψ (x) γ 5 γ µ τ a 2 ψ (x) in the boundary theory are the holographic duals. Let us briefly present here bulk-to-boundary propagators (also are called profile functions) for the bulk fields, which are the solutions to the five dimensional equations of motion in the free field limit.
A. Axial-vector field in AdS space
The action for the bulk gauge fields A L and A R is written in the following form [13] :
where the field strength tensors F L,R are defined as
and G is the determinant of metric tensor G M N . 5D gauge coupling constant g 5 is related to the number of
[5] and for the SU (2) V boundary gauge symmetry group is 2π. The action (5) contains vector field and axial vector field parts and for our aim we need only in the last one.
Axial gauge A 5 = 0 is chosen as a gauge condition on A 5 component. The equation of motion does not contain mixed derivatives and using separation anzats
from the action (5) we obtain the following equation of motion for the A (q, z) Fourier component:
The ultraviolet (UV) and infrared (IR) boundary conditions on this solution are A (q, ε) = 1 and ∂ z A (q, z = z m ) = 0 respectively. Solution to this equation is expressed via first kind Bessel functions J m and Y m [13] :
where the integration constants were found by using UV and IR boundary conditions. It should be noticed, bulk to boundary propagator (8) presented here was obtained for the free gauge field, while the considered here axial-vector field A M interacts with other fields included into the model.
We shall neglect the back reaction of these fields and use the free bulk to boundary propagator (8) for the form factor calculation.
Nucleons in QCD have the left-and right-handed components and in order to describe them in the boundary theory of the AdS/CFT correspondence two spinor fields Ψ 1 and Ψ 2 need to be introduced in the bulk theory , which have left and right handed components [12, [14] [15] [16] [17] [18] . One of these fields (Ψ 1 ) is necessary for the description of the left-handed component of the nucleon doublet in the boundary theory and the second one (Ψ 2 ) gives the right-handed component of this doublet. Extra components (two of total four) of the bulk spinors are eliminated by the IR boundary conditions and this yields a mass spectrum of excited states of the nucleons. For clarity let us briefly present some formulas from this AdS/CFT correspondence constructed in [15] .
The action of bulk Dirac fields Ψ 1,2 has the form below:
The covariant derivative D B is defined as follows:
where 
The boundary term which arise on obtaining the equation of motion is the following one:
5D Γ matrices are usually chosen in the chirality basis [15] ,
A condition for elimination of the extra Ψ z degrees of freedom is chosen as Ψ z = 0 [15, 18] . The left-and right-handed components of the Ψ i fields have properties
and Fourier transformation for them are expressed in terms of 4D spinor field ψ (p)
and the 4D spinor ψ 1 (p) obeys the 4D Dirac equation
Here, |p| = p 2 for a time-like four-momentum p. Then the 5D Dirac equation (11) will lead to equations over the fifth coordinate z for F L,R amplitudes:
For consistency with the chirality of the dual boundary operator the sign of m 5 was chosen 1 positive (m 5 > 0) for Ψ 1 and negative (m 5 < 0) for Ψ 2 . The UV boundary conditions which are imposed on F 1L and on F 2R are
when ε → 0. Normalized solutions of equation (16) for non-zero modes (|p| = 0) are found using the UV boundary conditions and are expressed in terms of Bessel functions of first kind
where C 1,2 are normalization constants. The value of m 5 can be found from the relation |m 5 | = ∆ 1/2 − 2, where scaling dimension ∆ 1/2 for the composite baryon operator is ∆ 1/2 = 9/2 [18] and |m 5 | = 5/2. Consequently, for the Ψ 1,2 spinors the m 5 "mass" have the values m 5 = ±5/2, respectively. Thus, the F 1L,R and F 2L,R profile functions are given by
As is seen from (19) F 1L,R and F 2L,R are related one with another 2 :
For obtaining only a left-handed component of the nucleon from Ψ 1 the right-handed component of this spinor is eliminated by the boundary condition at z = z m :
This condition gives the Kaluza-Klein mass spectrum M n of excited states, which is expressed in terms of zeros α
n of the Bessel function J 3 :
The quantum number n corresponds to the excitation number of a nucleon in the dual boundary theory.
Similarly, the right-handed component of the nucleon can be obtained from the Ψ 2 spinor
imposing the boundary condition on the left-handed component of this field, which again leads to mass spectrum (22) .
The normalization constants C 1,2 in (19) are equal and for the n-th excited state were found as follows [14] :
In the AdS/CFT correspondence for spinor field there is another way for eliminating the boundary terms (12) , which consists in introducing additional terms to the action (9) [42] [43] [44] . These terms are boundary terms and are equal to the boundary terms (12) , but have opposite sign [45] . This trick is used in the soft-wall model case as well [12] , where the z direction of AdS space extends to infinity. The trick with introducing of boundary terms can be useful in solving problems in the hard-wall model as well.
As is seen from (22) the mass spectrum is determined by the value of z m , which is free parameter of the model. Spectra of all fields, which were included into the hard-wall model, are determined by this parameter. We shall see later the axial-vector form factor's expression depends on this parameter, as well. There is a difficulty to fit the values of all spectra, coupling constants, form factors etc. to the experimental ones by fixing unique free parameter of the model. But this difficulty in hard-wall model can be easily overcame by introducing extra boundary terms. To this end, we should introduce extra terms at infrared boundary at the same time with applying the boundary conditions at this boundary 3 . Remind, that additional boundary terms do not depend on z and consequently, do not change the equations of motions. If we want to shift the mass spectrum (22) from the value z m to some value z 1 , in which the new spectrum will be coincident with the experimental data, we can add boundary term written below 4 to the action (9):
It is obvious, that the variation δS bdy will be summed with the boundary term (12) and the Ψ 1 (z) terms in the square brackets above will cancel with it. Imposing a boundary condition on the remaining boundary term we get following boundary conditions:
This leads to boundary condition on Ψ 1 at z = z 1
and the mass spectrum (22) now will be determined by z 1 . In such a way we can shift mass spectrum not shifting the infrared boundary of the model. The condition (26) will give a desirable spectrum for the spinor field in the case when a right form factor shape will be obtained at z = z m while right mass spectrum is obtained at z = z 1 .
C. Scalar field responsible for the chiral symmetry breaking
Action for the scalar X field is the usual one for the scalar field in the five dimensional background geometry (4):
The covariant derivative D M includes interaction of this field with the gauge fields A L and A R :
Its interaction with the spinor fields will be written in separate terms in the interaction Lagrangian.
The X field is written in the form:
where the π a field in the dual QCD describe pions. In the free field limit the solution of the equation of motion obtained from the action (27) for v (z) has a form [14] :
4 It should be noted that, in [43] a choice of Γ matrices is different than here and the Γ 5 in that work has a form
This is a reason of distinction between the forms of the extra boundary term here and in [45] .
where m q is the mass of bare light quarks and σ is the value of chiral quark condensate. We shall use solution (29) in our calculations of G A q 2 .
IV. FORM FACTOR FROM THE HARD-WALL MODEL
A. Interaction Lagrangian in the bulk and AdS/CFT correspondence for the axial-vector current
There are different kinds of interactions between the A M , X and Ψ 1,2 fields in the bulk of the AdS space. The interaction Lagrangian of these fields contains axial-vector current of the bulk spinor fields. The total interaction Lagrangian consist of the terms contributing to both vector and axial-vector currents. However, we are interested only in the interaction terms producing axial-vector ψ (x) γ µ γ 5 τ a 2 ψ (x) structure in the action. Namely such terms will contribute to the axial-vector form factor G A q 2 in the AdS/CFT correspondence of the bulk theory and boundary QCD. Several such bulk interaction Lagrangian terms are presented in the literature [14, 16, 18] .
Let us list all these interactions between the bulk fields A M , X and Ψ 1,2 existing in the literature that contribute to the G A q 2 form factor: 1) a minimal coupling term
2)a magnetic gauge coupling term
where
is the field stress tensor of the axial-vector field A M .
3) a Yukawa type interaction term, which describe interaction of the bulk fermion fields with the scalar X field
This interaction flips a chirality of fermions Ψ 1,2 and in the dual theory refers to interaction of the nucleon with a chiral condensate.
4) An interaction term for the triple interaction of the fermion fields Ψ 1,2 with the scalar X field and with the vector field V or with the axial vector field A was introduced in [18] :
This term was interpreted as a magnetic type interaction of fermion fields with the vector and axial-vector fields, where the scalar field takes part as well [21] .
5) Similar to L (4) we compose a new interaction term, which is hermitian and is parity invariant:
This term also describes a triple interaction of the bulk fields, but L (5) is not magnetic type one in unlike L (4) . Since this interaction is the chirality changing one as a coupling constant in it was chosen the Yukawa coupling constant g Y . Calculations show that L (5) contributes only to the axial-vector form factor of nucleons.
6) Beside the terms presented above there is the minimal-type coupling term introduced in [16] for calculation of the axial-vector form factor in the framework of soft-wall model of AdS/QCD:
However, we omit this interaction since these terms are not invariant with respect to rotations in the (z, x) plane in the five dimensional AdS space-time 5 .
Having an interaction Lagrangian in the bulk we can establish a holographic formula for the form factor. The AdS/CFT correspondence in our case matches the axial-vector current of bulk fermions with the axial-vector current of nucleons in the boundary QCD and the bulk axial-vector field with the axial-vector meson in this boundary theory. So, having calculated the axial-vector current of bulk fermions we find the axial-vector current of nucleons. The bulk axial-vector current can be found from the generating functional Z which is defined as an exponent of the classical bulk action S:
5 In the five dimensional theory Γ z is the fifth component of the 5D Γ A vector and under rotations of the (z, x) plane it is transformed as z component of this vector. So, it can not be considered as a scalar matrix in five dimensional theory as was γ 5 in four dimensional theory. Consequently, the Lagrangian terms in (35) do not remain invariant under these rotations. So, this kind of interaction can not be considered as a physical one in the bulk theory. The interpretation "a minimal-type coupling, which is absent in four dimensions, but exists in five dimensions" concerning these terms is not consistent with the holographic duality, since this duality establishes a correspondence between the interactions in four and five dimensions both of which are physical.
Holography principle identifies the generating functional Z AdS of the bulk theory with the generating function Z QCD of the boundary QCD:
According to holographic equality (37) the vacuum expectation value of the nucleon's axial-vector current in the boundary QCD theory can be found by taking variation from the gravity functional
We shall see that the formula (38) will produce the axial-vector current
, where G A denotes the integrals over the z coordinate and is accepted as the axial-vector form factor of nucleons. In this holography a source for the J a µ current 6 will be axial-vector field A a µ .
B. The G A form factor
The action S int is the 5D space integrals of the total interaction Lagrangian L int = i L (i) .
In Fourier components the 4D position integrals gives the usual δ function of energy-momentum conservation q = p − p. For a brevity of expressions calculated in the momentum space, we use the following notation for the j 5µ (p , p) current in the action terms:
Let us list the action terms, where appears the j 5µ (p , p) structure:
2)
ary the bulk fermions are considered on mass shell (|p| = |p | = m), which was taken into account in the profile functions F 1R and m is identified with the mass of nucleons due to this holography.
It should be noted that L (4) may contribute to the axial-vector form factor when nucleons are in exited states and for them relations (20) are not satisfied.
According to holographic formula (38) the total action S = S (1) + S (2) + S (5) will produce the axial-vector form factor G A of the ground state nucleons. Taking derivatives over A a µ (q) from the S (i) action terms we shall get contributions G
(i)
A of these terms into the the axial-vector form factor G A q 2 :
2) G
In the next section we shall perform numerical analysis of the G A Q 2 form factor defined as the sum of G
A terms:
A .
V. NUMERICAL RESULTS
We shall carry out a numerical study of the dependence of the G A form factor on Q 2 = −q 2 . In terms of Q dependence the profile function A (qz) for axial-vector field in (8) gets the form below:
where K i (Qz m ) and I i (Qz m ) are the second kind Bessel functions. Using MATHEMATICA package we can numerically calculate integrals G
A Q 2 and G [14] and z m = (0.324 GeV ) −1 [18] . These values were chosen for obtaining proper mass spectrum of the mesons and nucleons within the hard-wall AdS/QCD model. In our numeric calculation we use the value of z m between these ones, i.e. z m = (0.286 GeV ) −1 value.
In Fig.1 we present the numerical result for Q 2 dependence of G A Q 2 form factor (46). As is seen from Fig.1 Experimental data for G A Q 2 form factor at high Q 2 taken from [40] . Blue solid line: MAID2007 for G A , and red solid-dash lines: LCSR (red solid is the LCSR calculation using experimental electromagnetic form factors as input and red dash is pure LCSR) [47] .
Q 2 from the first and and from the second intervals, respectively 7 . For a clarity we present in these tables the values of the G
A , G
A and G
A terms as well. In Table 1 we compare our hard-wall results with the experimental data and with the results of other approaches. In this table the results of the pion electroproduction data for G A Q 2 /G A (0) were taken from [35] , the results of Lattice Simulations calculations were taken from [36, 37] and the results obtained by Chiral Perturbation Theory application were taken from [41] . In Table 2 the experimental data for G A were taken from [40] and the results of the Light Cone Sum Rules calculations were taken from [38] . It is seen from Table 1 Table 2 it is seen that the hard-wall results are close to the experimental data from CLASS collaboration and to the results of Light Cone Sum Rules in the interval of high Q 2 values. Numerical result for the value of G A (0) is 0.65.
VI. SUMMARY
In summary, in present work we calculated the axial-vector form factor of nucleon in the framework hard-wall AdS/QCD model. The hard-wall result of the axial-vector form factor obtained here is in a good agreement with the existing experimental data and with the results of different 
